To date, RNA interfering molecules have been used to differentiate stem cells on two-dimensional (2D) substrates that do not mimic three-dimensional (3D) microenvironments in the body. Here, in situ forming poly(ethylene glycol) (PEG) hydrogels were engineered for controlled, localized and sustained delivery of RNA interfering molecules to differentiate stem cells encapsulated within the 3D polymer network. RNA interfering molecules were released from the hydrogels in a sustained and controlled manner over the course of 3-6 weeks, and exhibited high bioactivity. Importantly, it was demonstrated that the delivery of siRNA and/or miRNA from the hydrogel constructs enhanced the osteogenic differentiation of encapsulated stem cells. Prolonged delivery of siRNA and/or miRNA from this polymeric scaffold permitted extended regulation of cell behavior, unlike traditional siRNA experiments performed in vitro. This approach presents a powerful new methodology for controlling cell fate, and is promising for multiple applications in tissue engineering and regenerative medicine.
Introduction
Stem cells are an attractive cell source for tissue engineering and regenerative medicine because they exhibit the capacity to self-renew without loss of their multipotency and when presented with specific signals can be driven to differentiate down multiple lineages [1] . Mesenchymal stem cells (MSCs) isolated from, for example, bone marrow, fat and muscle, are a potentially valuable cell source for the engineering of damaged or lost connective tissues due to their ability to differentiate into the cells that ultimately generate these tissues, such as adipocytes, chondrocytes, myoblasts and osteoblasts, in the presence of defined environmental factors [2] . Small interfering RNA (siRNA) can suppress gene expression post-transcriptionally and is a powerful tool for guiding cell behaviors in tissue regeneration applications [3] [4] [5] . For example, the protein noggin is an antagonist to the activity of bone morphogenetic proteins (BMP)-2, −4, −5, −6 and −7, which are members of the transforming growth factor superfamily, by binding to them and in turn preventing them from binding to their respective receptors [6, 7] . Overexpression of noggin can impair osteogenic differentiation and reduce bone formation in a transgenic mouse model [8, 9] . Suppression of noggin gene expression can augment osteoblastic differentiation in MC3T3 preosteoblasts, primary mouse calvarial osteoblasts [10] , and human adipose-derived stem cells (hADSCs) [5] . More recently, microRNAs (miRNAs), which are also short and noncoding RNA molecules, have similarly been used to guide human bone marrow derived MSC (hMSC) fate upon transfection [11, 12] . However, RNA-induced differentiation of MSCs is currently performed on cells cultured on traditional 2D substrates like tissue culture plastic, which do not provide important 3D environmental cues present in natural tissues [3, 4, 13] . siRNA and miRNA have been delivered using nano-or microparticles; however, these particles rapidly clear from desired sites upon injection in vivo due to their small size, which limits their capacity to locally affect cells for an extended period of time [14, 15] . In addition, nanofibrous scaffolds [16] [17] [18] , solid porous scaffolds [19] , and hydrogels [15, [20] [21] [22] [23] [24] have been developed to release siRNA locally to surrounding cells. The nanofibrous and porous scaffolds that have been used lack the capacity for cell encapsulation. In contrast, hydrogels, highly hydrated, 3D hydrophilic polymeric networks, have been extremely attractive for tissue engineering applications for a variety of reasons, including their compositional and structural similarities to natural extracellular matrix (ECM), their injectability and capacity to gel in vitro to take the shape of defects, and the capacity to encapsulate cells within them with high viability and engineer them to locally deliver a variety of bioactive factors in a controlled manner to transplanted or host cells [25] [26] [27] . Chitosan [20] and polyphosphazene [21] hydrogels have been used to exogenously supply siRNA to cancer cells to suppress their growth, and we have utilized alginate and collagen [15] hydrogels to locally deliver siRNA to both encapsulated and surrounding cells to knockdown specific protein expression. Recently, functionalized, photocrosslinkable dextran hydrogels were engineered permitting tailorable, sustained siRNA release which offer control over the duration of gene knockdown in target cells [24] . However, to date there have not been any reports on biopolymer scaffolds capable of delivering siRNA to encapsulated stem cells to control their differentiation.
Here, hydrogel scaffolds are used for the controlled, localized and sustained presentation of RNA interfering molecules to guide the differentiation of encapsulated MSCs for tissue regeneration applications. In situ forming poly(ethylene glycol) (PEG) hydrogels that provide a platform for controlled, tunable and local release of siRNA and miRNA were engineered to induce the osteogenic differentiation of incorporated hMSCs. Importantly, the hydrogels form by simple mixing of two macromer components at physiological conditions without the need of photoinitiators, chemicals or UV exposure that may be harmful to incorporated cells or bioactive factors.
In the field of bone tissue engineering there have been significant research efforts toward developing 3D polymeric scaffolds for the delivery of osteogenic growth factors (e.g., BMP-2) [28] [29] [30] or plasmid DNA encoding for these factors [31] [32] [33] to upregulate cell expression of osteogenic signals. However, recombinant growth factors can require supraphysiological doses to have an effect, be expensive, be hard to maintain a constant concentration, and easily affect non-target tissues [34] . Plasmid DNA suffers from challenges such as its import to the cell nucleus, potential integration into the host genome and possible insertional mutagenesis [35, 36] . The work presented here is a fundamental shift in approach. Down-regulation of gene expression via siRNA and/or miRNA may be an effective alternative tool to drive osteogenesis. While these studies have previously been difficult to perform due to the transient effect of bolus treatment, a controlled, sustained siRNA/miRNA delivery system that permits the encapsulation of cells, such as that contained herein, permits examination of this approach.
Materials and methods

Synthesis of 8-arm-PEG-MAES
Catalyst 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS) was synthesized by adding 10 ml of p-toluenesulfonic acid monohydrate (PTSA, Sigma, St. Louis, MO ) solution (0.38 g/ml) in tetrahydrofuran (THF, Fisher Scientific, Pittsburgh, PA) to 30 ml of saturated DMAP (Sigma) solution (0.081g/ml) in THF under stirring. DPTS was then precipitated, filtered, washed with THF, and dried under vacuum. 8-arm-PEG-OH (5 g, 10,000 g/mol, JenKem Technology USA, Allen, TX) was dissolved with 100 ml methylene chloride (MC, Fisher Scientific) in a dry 250 ml round bottom flask equipped with a stir bar. After complete dissolution of the PEG, DCC (2.47 g, Sigma), mono(2-acryloyloxyethyl) succinate (MAES, TCI America, Portland, OR) and DPTS (0.38) were added and the reaction occurred at room temperature for 1 d. To collect the 8-arm PEG-MAES, the reaction solution was filtered, concentrated under vacuum, and precipitated in a 2:1 mixture of ether and hexane. The polymer was further purified via dialysis (3500 Da cutoff membrane) in deionized water (diH 2 O) for 3 days at 4°C and then frozen and lyophilized until dry. The polymer was characterized with 1 H NMR in D 2 O.
Synthesis of 8-arm-PEG-A
8-arm-PEG-OH (5 g) was dissolved in 45 ml toluene (Fisher Scientific), and TEA (1.7 ml, Sigma) and acryloyl chloride (AC, Sigma) (1.06 ml) was added dropwise to the PEG solution at 0°C. The reaction was performed at 40°C for 16 h. The polymer was collected by concentrating the solvent and precipitating in a 2:1 mixture of ether and hexane. To further purify, the polymer was hydrated with diH 2 O and dialyzed against diH 2 O at 4°C using 3500 Da cutoff membrane for 3 days. The polymer solution was then frozen and lyophilized until dry. The conjugation was confirmed with 1 H NMR.
Hydrogel formation and gelation time
Hydrogels were fabricated by mixing 8-arm-PEG-MAES or 8-arm-PEG-A and 8-arm-PEG-SH (10,000 g/mol, JenKem Technology USA) solutions in phosphate buffered saline (PBS, pH 7.4, Fisher Scientific) with a 1:1 stoichiometry ratio of acrylate and thiol groups to obtain a final concentration of 15 %w/v. After vortexing for 10 sec, the macromer solutions (100 μl) were immediately placed into a 15 ml conical tube and allowed to gel at room temperature. Hydrogels formed within two minutes, but they were incubated for a further 2 h to achieve maximum gelation.
Gelation time of the hydrogels was determined via the visual tube inversion method [37] at room temperature. Specifically, each macromer solution (100 l) was added to a microcentrifuge tube and vortexed for 10 sec, and gelation time was then monitored. The gelation time was determined as the point when the solution stopped flowing in the inverted tube (N = 3).
Swelling and degradation experiments
The swelling ratios of the PEG hydrogels were determined by measuring their dry and wet weights at different time points. The initial dry weights (W di ) of lyophilized gels were measured, and each dry gel was then placed into a 15 ml conical tube containing 10 ml PBS at pH 7.4 and incubated at 37°C. The media was changed every 3 days. At predetermined time points, the samples were collected and rinsed with diH 2 O, and their swollen weights (W s ) were measured. The swelling ratio (Q) was determined by Q = W di / W s . To determine their mass loss at each time point, the same procedure as the swelling experiment was performed, but instead of measuring W s the samples were rinsed with diH 2 O, frozen and lyophilized to obtain dry weights (W d ). The percentage mass loss of the gels was determined by (W di -W d ) × 100 / W di . Three hydrogels per condition (N = 3) were used for each condition at each time point.
Rheology
Rheological properties of the in situ formed hydrogels were measured using a Haake Mars III Rotational Rheometer (Thermo Fisher Scientific Inc., Waltham, MA). Hydrogels were prepared by mixing the precursor solutions and pipetting them between two-glass plates separated by two 0.75 mm spacers. They were allowed to form for 10 min, and the hydrogel discs were then punched out using a 0.8 cm biopsy punch. To perform the rheology, each gel disc was placed between two stainless steel parallel plates (0.8 cm in diameter). Storage (G') and loss (G") moduli of each hydrogel were measured by performing a dynamic frequency sweep test with a constant maximum shear strain amplitude (0.1%) over a frequency range of 0.1 -10 Hz at 37°C. N = 3 per condition.
siRNA release
siRNA fluorescently tagged with fluorescein isothiocyanate (FITC), Green cyclophilin B control siRNA (Thermo Scientific Dharmacon, Lafayette, CO), was used to examine its release kinetics from the PEG hydrogels. siRNA was complexed with branched PEI (25,000 g/mol, Sigma) in nuclease free PBS pH 7.4 (Life Technologies, Grand Island, NY) with an N/P ratio of 10 to form polyplexes that were then encapsulated within the hydrogels prepared as described above. 4 μg of siRNA was used for each 100 μl hydrogel. Each hydrogel loaded with siRNA/PEI nanocomplexes was formed in a 15 ml conical tube and then 1 ml of PBS was added. The release was carried out at 37°C and the PBS was removed and replaced with 1 ml of fresh PBS at each time point. Standard curves were prepared using siRNA/PEI nanocomplexes as described above. The siRNA samples were measured in 1N NaOH solutions, to dissociate the complexes, using a plate reader (fmax, Molecular Devices, Sunnyvale, CA) set at excitation 485/emission 538 (N = 3).
Bioactivity evaluation
To determine released siRNA bioactivity, siRNA targeting GFP (siGFP) and luciferase (siLuc) (Thermo Scientific Dharmacon) were complexed with PEI as described above and the siRNA/PEI complexes were released from the M, MA and A hydrogels. The siRNA/PEI complexes were released in PBS as described above, and releasates were collected every 5 days and replaced with fresh PBS. The last releasates collected when the hydrogels completely degraded were used for bioactivity evaluation. One day before transfection, destabilized GFP (deGFP)-expressing HEK293 cells (passage 27; a generous gift from Piruz Nahreini, PhD., University of Colorado Health Sciences Center) were plated onto 24-well plates (Fisher Scientific) at a density of 100,000 cells per well and cultured for 24 h in a humidified incubator at 37°C and 5% CO 2 . On the day of transfection, the HEK293 cells were treated with the siRNA/PEI release samples (0.26 g siRNA). The complexes were incubated with the cells for 6 h, and then the media was replaced with Dulbecco's Modified Eagle Medium High Glucose (DMEM-HG, HyClone, Logan, UT) containing 10% fetal bovine serum characterized (FBS, HyClone). After two additional days of culture, the cells were harvested and suspended in PBS for GFP knockdown quantification using a flow cytometer (EPICS XLMCL, Beckman Coulter, Fullerton, CA). Freshly prepared siLuc/PEI and released siLuc/PEI complexes were used as negative controls. Bioactivity of the released siGFP/PEI complexes was compared to that of freshly prepared siGFP/PEI complexes. The results were normalized to cells without siRNA treatment (N=3).
Osteogenic differentiation of hMSCs encapsulated in hydrogels
hMSCs were isolated from the posterior iliac crest of healthy donors under a protocol approved by the University Hospitals of Cleveland Institutional Review Board and processed as previously described [38] . Briefly, the aspirates were washed with growth medium comprised of Low Glucose Dulbecco's Modified Eagle's Medium (DMEM-LG, Sigma) with 10% prescreened FBS [39] . Mononuclear cells were isolated by centrifugation in a Percol (Sigma) density gradient and the isolated cells were plated at 1.8 × 10 5 cells/cm 2 in growth medium. Medium was changed every 3 days and after 14 days of culture the cells were passaged at a density of 5 x 10 3 cells/cm 2 . hMSCs (passage 3) were suspended in hydrogel solutions containing siNoggin (Insight Genomics, Falls Church, VA), miRNA-20a (Insight Genomics), equal amounts of siNoggin and miRNA-20a, or non-targeting negative control siRNA (Insight Genomics) (40 g/ml gel) complexed with PEI at a density of 5 x 10 6 cells/ml. The siRNA and the miRNA-20a sequences are listed in Table 1 . The macromer solutions in DMEM-LG were pipetted into microcentrifuge tubes and vortexed for 10 sec, and the hydrogels (100 l) were formed at room temperature. Then each gel was transferred into individual wells of 24-well plates containing 1 ml osteogenic media (10 mM β-glycerophosphate (CalBiochem, Billerica, MA), 50 μM ascorbic acid (Wako USA, Richmond, VA), 100 nM dexamethasone (MP Biomedicals, Solon, OH) and 100 ng/ml BMP-2 (Department of Developmental Biology, University of Würzburg, Germany). The osteogenic media was changed two times a week. At predetermined time points, each hydrogel-cell construct was removed from the 24-well plates, put in 1ml alkaline phosphatase (ALP) lysis buffer [1mM MgCl 2 (Sigma), 20 μM ZnCl 2 (Sigma), 0.1% octylbeta-glucopyranoside (Sigma)] and homogenized at 35,000 rpm for 60 s using a TH homogenizer (Omni International, Marietta, GA). The homogenized solutions were centrifuged at 500 g with a Sorvall Legent RT Plus Centrifuge (Thermo Fisher Scientific). The supernatants were collected for ALP, calcium and DNA analysis (N=3).
For ALP measurement, the supernatant (100 μl) was treated with pnitrophenylphosphate (pNPP, 100 μl, Sigma) substrate, and then 0.1 N NaOH (50 μl) was added to stop the reaction. The absorbance was measured at 405 nm using a plate reader (VersaMax, Molecular Devices, Sunnyvale, CA). Calcium content of the constructs was quantified using a calcium assay kit (Pointe Scientific, Canton, MI) according to the company's instructions. The supernatant (4 μl) was mixed with a color and buffer reagent mixture (250 μl), and the absorbance was read at 570 nm on the plate reader. DNA was measured using a Picogreen assay kit (Invitrogen) on a plate reader (fmax, Molecular Devices) set at excitation 485/ emission 538. All of the ALP and calcium measurements were normalized to DNA content. Calcium deposition in the bulk gels was stained with Alizarin red (Sigma). Cell-hydrogel constructs were fixed with 4% paraformaldehyde overnight and then stained with 2% Alizarin red solution (pH 4.2) at room temperature for 5 min. The stained cell-hydrogel constructs were imaged using an iPhone 5 digital camera (Apple, Cupertino, CA) after washing the cell-hydrogel constructs three times for 30 min with deionized ultrapure water. To further investigate the mineralization of cell-hydrogel constructs, fixed constructs were embedded in paraffin, sectioned at a thickness of 10 μm, and examined with Alizarin red staining.
Cytotoxicity
Viability of hMSCs encapsulated with siRNA and/or miRNA in the hydrogels during the osteogenic differentiation study was assessed with a live/dead assay comprised of fluorescein diacetate (FDA, Sigma) and ethidium bromide (EB, Fisher Scientific). The staining solution was prepared by mixing 1 ml of FDA solution (1.5 mg/ml in dimethyl sulfoxide, Sigma) and 0.5 ml of EB solution (1 mg/ml in PBS) with 0.3 ml of PBS (pH 8). After one day of culture, 20 l of live/dead staining solution was added into each well containing 1 ml osteogenic media, and the hMSC/hydrogel constructs were imaged with a fluorescence microscope (ECLIPSE TE 300; Nikon, Tokyo, Japan) equipped with a digital camera (Retiga-SRV; Qimaging, Burnaby, BC, Canada) after 3-5 min incubation at room temperature.
RNA isolation and real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
RNA was isolated from encapsulated hMSCs using TRI reagent (Sigma) according to the manufacturer's instructions. Specifically, the cell-hydrogel constructs were put in 1 ml TRI reagent and homogenized at 35,000 rpm for 60 sec with a TH homogenizer. After centrifuging the homogenized solutions at 12000 g for 15 min using a microcentrifuge (accuSpin Micro 17R, Fisher Scientific), the supernatants were further processed for RNA isolated followed by cDNA synthesis. cDNA was prepared using a cDNA synthesis kit (PrimeScript TM RT Reagent Kit with gDNA Eraser, Takara Bio, Mountain View, CA) according to the manufacturer's instruction, and then used for qRTPCR analysis with SYBR ® Premix Ex Taq TM II (Tli RNase H Plus) kit (Takara Bio). The primer sequences used for qRT-PCR reactions, which were performed on an ABI 7500 Real-Time PCR instrument (Applied Biosystems), are listed in Table 2 . The relative gene expression levels of noggin (N=5), Runx2 (N=6), BSP (N=6) and PPAR-γ (N=3~6) were normalized using the control siRNA group at each time point.
Statistical analysis
All values represent mean ± standard deviation. Statistical significance was determined using Turkey-Kramer Multiple Comparisons Test with one-way analysis of variance (ANOVA) using InStat software (GraphPad Software, La Jolla, CA). p < 0.05 was considered statistically significant.
Results and discussion
Synthesis, characterization, hydrogel formation and gelation time
8-arm-PEG-MAES was synthesized via the esterification reaction of the hydroxyl groups of 8-arm-PEG and the carboxylic acid of MAES in the presence of DPTS as a catalyst (Fig.  1a) . 8-arm-PEG-A was prepared by the reaction of the hydroxyl groups of PEG with AC (Fig. 1b) , as previously reported [40, 41] . The 1 H NMR spectra of 8-arm-PEG-MAES and 8-arm-PEG-A are shown in Fig. 2a and b , respectively. The acrylate proton peaks at 6.03, 6.22 and 6.43 ppm in both the NMR spectra of 8-arm-PEG-MAES and 8-arm-PEG-A confirmed the successful conjugation of MAES and AC to 8-arm-PEG.
In situ forming hydrogels were prepared by simply mixing two acrylate-and thiolterminated PEG macromers in aqueous media at physiological pH. While M and A gels were composed of 8-arm-PEG-MAES and 8-arm-PEG-A, respectively, with 8-arm-PEG-SH, MA gel was a mixture of 8-arm-PEG-MAES and 8-arm-PEG-A (weight ratio 2/1) with 8-arm-PEG-SH. Gelation rates of the hydrogels were observed via a tube inversion method [37] in PBS at pH 7.4. The M, MA and A gels were formed by 62.66 ± 2.51, 59.00 ± 3.60 and 53.00 ± 2.64 sec, respectively, after mixing the acrylate and thiol PEG macromers.
Swelling kinetics, hydrogel degradation and rheology
Physical properties of the degradable hydrogels were examined through measurement of their swelling ratio changes, degradation profiles and rheological behavior. Hydrogel swelling and degradation increase polymer network pore size, thus accelerating the transport of oxygen and nutrients, and the removal of waste products from incorporated cells, and also providing space for new tissue formation [42] [43] [44] . Hence, controlling swelling ratio and degradation rate of hydrogels is important to regulate new tissue growth [42] . In addition, controlling these properties also permits loaded bioactive factors to be released in a tunable fashion [24, 45] . Swelling and degradation of degradable hydrogels can be controlled by, for example, varying the degree of crosslinking [46] , the molecular weight of crosslinkers [43, 47] , the macromer concentration [24, 43] and the macromer molecular weight [44] . These physical properties in PEG hydrogel systems formed via Michael type reaction have been regulated by changing the hydrogel macromer concentration, degree of crosslinking [48] , and macromer molecular weight [49] and the crosslinker molecular weight [43] . In this study, the swelling kinetics and degradation rates were tailored by tuning the density of degradable ester linkages in the hydrogel crosslinks while maintaining a constant hydrogel macromer concentration.
All the gels reached equilibrium swelling after one day incubation in PBS (Fig. 3a) . Swelling of the M gels remained relatively constant over one week, and then their swelling increased rapidly to a maximum at day 20. Compared to the M gels, swelling kinetics of the MA and A gels stayed relatively constant longer and reached maximum values at 31 and 55 days, respectively.
Hydrogel degradation was determined by measuring mass loss (%) of the hydrogels over time (Fig. 3b) . The M gels degraded slowly for the first 2 weeks before their hydrolytic degradation kinetics increased rapidly achieving complete degradation by 3 week. Similarly, the MA gels initially degraded gradually, and then their degradation accelerated after 3 weeks and completely degraded by 34 days. Mass loss of the A gels was minimal for the first 5 weeks, and didn't completely degrade until 8 weeks. There were three hydrolysable ester groups on each arm of the 8-arm-PEG-M and one ester group on each arm of the 8-arm-PEG-A. Therefore, the faster degradation of the M gels was expected as a result of their higher ester density than the A and MA gels. These PEG materials presented in vitro hydrolytic degradation profiles from 3 to 8 weeks, which are substantially longer than previously reported in situ forming PEG hydrogels, which persisted for 7 to 23 days in vitro [43, 48, 49] .
It was then determined whether the change in the chemical structure of the PEG acrylate macromers affected hydrogel mechanical properties. Mechanical response of the hydrogels was examined by measuring their rheological properties under oscillatory strain. Storage (G') and loss moduli (G"), that represent the hydrogel elastic and viscous properties, respectively, of the M, MA and A gels are shown in Fig. 3c . G" of the three hydrogel groups were similar and higher than G", indicating the elasticity of the hydrogels was dominant in the whole range of tested frequencies (0.1-10 Hz).
siRNA release and bioactivity
It is challenging to have cells take up naked siRNA because it possesses anionic and macromolecular characteristics; therefore delivery carriers are usually required to facilitate cellular uptake before siRNA is released in the cytoplasm to perform its function [50] . PEI, a cationic polymer, has been used to bind siRNA and miRNA to form nanocomplexes that can effectively deliver siRNA to cells [51, 52] . Therefore, siRNA/ PEI complexes were incorporated into the three different hydrogels compositions and their release was measured over time (Fig. 3d) . The complexes were prepared separately and homogeneously mixed with hydrogel macromers prior to gelation for their incorporation (Fig. 3e) . The release rate of complexes from the M gels was faster than that from the MA and A gels. While the M gels released 85.09 ± 2.43% siRNA over 19 days, the MA and A gels released 90.99 ± 12.67 and 92.57 ± 8.18% siRNA over 35 and 42 days, respectively. These results indicate that siRNA/PEI complexes were retained in the hydrogels and slowly released over a prolonged period of time. The rate of sustained delivery from each type of hydrogel was likely a function of the concentration of ester linkages in the macromolecular networks.
To confirm that the hydrogels can protect and preserve the bioactivity of siRNA over the entire release period, siGFP and siLuc, a non-targeting control, genes were complexed with PEI, and then the complexes were incorporated into the hydrogels. The siRNA/PEI complexes collected at the last time point prior to complete gel degradation were tested to assess their capability to silence GFP expression in HEK293 cells. Cells were treated with equal amounts of the released siRNA/PEI or freshly prepared siRNA/PEI complexes. Percent GFP knockdown was normalized to the untreated cells in media only (controls), and compared to the freshly prepared siGFP and siLuc complexes. As shown in Fig. 3f , the cells treated with the fresh or released siGFP/PEI had their average GFP expression significantly reduced to 10.90-23.26% of the untreated control group. siLuc released from the hydrogels did not reduce GFP expression in comparison to the untreated control cell group (Fig. S3) . These results indicate that the bioactivity of the released siRNA was preserved.
Osteogenic differentiation of encapsulated hMSCs
Having demonstrated that the hydrogel biomaterials could retain encapsulated siRNA over a prolonged period of time and that the released siRNA was still bioactive, the capacity of the system to actually regulate stem cell fate was then examined. We investigated whether the RNA/hydrogel constructs could drive a cellular process that would be valuable for regenerative medicine, such as osteogenic differentiation of hMSCs encapsulated in the hydrogels for bone tissue engineering. In the current study, siRNA against noggin (siNoggin) and miRNA-20a were delivered separately or in combination in a controlled, sustained manner from in situ forming PEG hydrogels (A gels) to determine if this approach could accelerate the osteogenic differentiation of encapsulated hMSCs (Fig. 4) . After coencapsulation of siRNA and hMSCs into the hydrogels, viability of the hMSCs was assessed using a live/dead assay and remained high, as shown in Fig. S4 , indicating the cytocompatibility of the system.
To evaluate noggin suppression in encapsulated hMSCs by siNoggin delivery from the in situ forming hydrogels, noggin mRNA expression was measured by qRTPCR over the course of 4 weeks. Encapsulated hMSCs exhibited significant gene silencing of noggin at all time points measured within 3D microenvironment by delivering siNoggin and codelivering siNoggin and miRNA-20a (cotransfection), as compared to the control group (i.e., hMSCs in gels with negative control RNA) (Fig. 4b) .
To investigate the effect of localized, sustained delivery of siNoggin and/or miRNA-20a on osteogenesis of encapsulated hMSCs, hMSC/hydrogel constructs were first evaluated for ALP activity, which is an important early marker for osteogenic differentiation (Fig. 4c) . At day 14, ALP activity normalized to construct DNA content of the cotransfection group was significantly higher than that of the control and miRNA-20a groups. At day 21, all groups exhibited a peak ALP activity followed by a decrease by day 28. The ALP activity of hMSCs in the siNoggin, miRNA-20a, and cotransfection groups was significantly higher than that of control group at day 21. Since other cell phenotypes can produce ALP, it is important to examine additional, more specific, osteogenic differentiation markers as well. Therefore, quantitative analysis of mRNA expression levels of Runt-related transcription factor 2 (Runx2), which is one of the earlier and most specific osteogenic differentiation makers, and bone sialoprotein (BSP), which is a later osteogenic differentiation marker, were evaluated by qRT-PCR ( Fig. 4d and 4e ). Runx2 and BSP expression in the siNoggin, miRNA-20a, and cotransfection groups was significantly higher than that of the control group at day 14.
Since miRNA-20a can down-regulate the mRNA expression of peroxisome proliferatoractivated receptor gamma (PPAR-γ) [12] , which is an adipogenic transcription factor and a negative regulator of BMP-2 signaling in osteogenesis [53] , its mRNA expression over time was evaluated by qRT-PCR to determine whether PPAR-γ was suppressed during the osteogenic differentiation of hMSCs by sustained siNoggin and/or miRNA-20a presentation using the in situ forming PEG hydrogels. As exhibited in Fig. 4f , while siNoggin transfection did not significantly alter PPAR-γ expression compared to the control group, PPAR-γ expression of miRNA-20a and cotransfection groups was significantly lower than that of the control at days 7 and 14. Interestingly, PPAR-γ suppression was further sustained for 28 days in miRNA-20a group.
Since the mineralization is the ultimate indicator of osteogenic differentiation, the calcium deposition in the hMSC/hydrogel constructs was also evaluated by quantification of calcium content and Alizarin red staining. As shown in Fig. 5 , calcium deposition normalized to construct DNA content significantly increased by transfection with siNoggin or cotransfection of siNoggin and miRNA-20a at days 14, 21 and 28 compared to the control (DNA content shown in Fig. S1 ). Calcium content of the all groups increased over time since the hydrogels were cultured in osteogenic media. Similar to the calcium content results, siNoggin and cotransfection constructs stained more intensely for mineralization with Alizarin red than the other two conditions at these time points. Since the miRNA-20a group exhibited the significantly higher ALP activity at day 21, and Runx2 and BSP gene expression at day 14 compared to control group, it was expected that calcium deposition would also be enhanced. However, unlike its effect on other osteogenic differentiation markers, miRNA-20a transfection appeared to have minimal effect on calcium deposition compared to the control group.
To verify that these results were not donor specific, the osteogenic differentiation study was repeated with hMSCs from a second donor. The ALP activity normalized to construct DNA content of siNoggin group was significantly higher than the control and cotransfection groups at day 28 (Fig. 6a) . The calcium content normalized to construct DNA content in the siNoggin, miRNA-20a and cotransfection groups was significantly greater than the control at day 14, but only hMSCs in the siNoggin and cotransfection groups produced significantly higher calcium levels than the control group at day 28 ( Fig. 6b ; DNA content shown in Fig.  S2 ).
Conclusion
In situ forming biodegradable and cytocompatible hydrogels were engineered for sustained and localized delivery of siRNA and miRNA for differentiation of encapsulated hMSCs. The biomaterial permitted homogeneous encapsulation of cells and RNA in mild gelling conditions without the need of UV light or a photoinitiator. The swelling and degradation properties of the in situ forming hydrogels were controlled via the density of hydrolysable ester groups in the materials. While the gene inhibiting effect of exogenous transfection with siRNA or miRNA is usually transient, especially in rapidly dividing cells, prolonged delivery of siRNA and/or miRNA from this polymeric scaffold permitted extended regulation of cell behavior. In situ PEG hydrogels released the siRNAs in a sustained manner, and the siRNAs were shown to retain their bioactivity for up to 7 weeks. Importantly, the prolonged delivery of siNoggin or siNoggin/miRNA-20a using in situ forming PEG hydrogels enhanced the osteogenic differentiation of encapsulated hMSCs. This system may provide a promising platform for controlled and sustained delivery of siRNA and miRNA to regulate stem cell fate for a wide range of applications in tissue regeneration.
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